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ABSTRACT
An approach to integrated frequency-comb filtering is presented, building from a
background in photonic crystal cavity design and fabrication. Previous work in the
development of quantum information processing devices through integrated
photonic crystals consists of photonic band gap engineering and methods of on-chip
photon transfer. This work leads directly to research into coupled-resonator optical
waveguides which stands as a basis for the primary line of investigation. These
coupled cavity systems offer the designer slow light propagation which increases
photon lifetime, reduces size limitations toward on-chip integration, and offers
enhanced light-matter interaction.

A unique resonant structure explained by

various numerical models enables comb-like resonant clusters in systems that
otherwise have no such regular resonant landscape (e.g. photonic crystal cavities).
Through design, simulation, fabrication and test, the work presented here is a
thorough validation for the future potential of coupled-resonator filters in frequency
comb laser sources.
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CHAPTER 1
INTRODUCTION & MOTIVATION
This is the information age; a time when the management of data-flow between
individuals and organizations around the world fundamentally matters.

It is

therefore no surprise that the field of information theory has come under such
intense investigation, and the associated communications technologies have become
so ubiquitous.

Over the years, since the advent of fiber optic communications,

photonic technologies have been overtaking segments of the global electronics
infrastructure due to a few key physical characteristics. Electronic signals generate
a lot of heat, optical signals generate very little.

Electronic signals are also,

therefore, significantly more lossy than optical signals.

Optical signals do not

interact with each other, save nonlinear processes, which opens wide the potential
number of signals per carrier circuit – an enormous advantage over electrical signal
processing. In fact, the only advantage electronics holds onto besides precedent is
scale.

Electrons are small compared to useful wavelengths of light, and so

integration of photonic devices is a challenge; a challenge certainly worth
addressing, however. It is from this challenge that the field of integrated photonic
devices has emerged, and as part of this field, the past and proposed research
efforts of this author will be discussed with a focus on the design and fabrication of
novel optical resonator devices.
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This dissertation is comprised of five chapters which, after this introductory
chapter and some background, represent the author’s contributions to quantum
information science and integrated frequency comb generation.

The work is

concluded with a final chapter dedicated to outlining the tangible contributions the
author has offered the field en route to completing his doctoral studies.
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CHAPTER 2
BACKGROUND
Integration of optical communications technology means mastering the
interaction of light and matter. After all, a major benefit of optical signals is their
orthogonality. Higher than air refractive index allows optical fiber to guide light
signals with low loss throughout the world and, in order to translate this technology
to the integrated chip means new devices are needed. When working on the scale of
the wavelength of light, instead of kilometers, the design of these devices becomes
significantly more sensitive, however. It is with this in mind that this chapter will
outline the major existing tools in the field of integrated photonics – ridge
waveguides, ring resonators, photonic crystals, and coupled-resonator optical
waveguides (CROWs).

Ridge waveguides
As mentioned, optical fiber provides light a preferred propagation path to that of
unbound free space. Similarly, on a ship, it is simple to imagine a ridge of high
index will behave in the same way.

Ridge waveguides are the backbone of

integrated photonics and while very simple in theory represent their own set of
scale-related design challenges.
Illustrated in Figure 1 is the industry standard for integrated photonics, the
silicon on insulator (SOI) platform onto which two ridge waveguides and a ring
resonator (to be discussed later) are etched. Since SiO2 and crystalline silicon have
3

a strong index disparity, a ridge of Si sitting atop a plane of SiO2 acts as a strong
waveguiding platform. With a standard thickness of 220nm, ridge waveguides in Si
can support optical signal routing on chip at 1550nm down to ridge widths of 350nm
below which scattering losses due to edge roughness dominates. Additionally, the
standard maximum bend radius for ridge waveguides is 5µm due to the same edge
roughness effects as the mode moves closer to the outer edge of a bend.

The

roughness imparted by the etching process in such devices is of major concern in
academic and industrial circles and much work exists around the world to improve
the fabrication quality and consistency of these essential integrated photonic
building blocks.

Figure 1. Cross-section illustration of SOI ridge waveguides and ring
resonator.

Resonant structures
While ridge waveguides route light around on chip, in order to generate, detect,
and further manipulate propagation, resonant structures are necessary. Generally

4

speaking an optically resonant structure is some physical system that offers light a
spectrally dependent solution that is commonly steady-state. This is accomplished
through satisfaction of interference conditions of reflection or round trip. An optical
cavity is a resonant structure that confines electromagnetic energy in a certain
number of dimensions for a finite amount of time. Based on boundary conditions,
this confined energy makes up a discrete set of allowable optical frequency states
defined as modes. Realistic systems always have loss mechanisms like absorption,
scattering, radiative decay, and out-coupling, which lead to finite photon lifetimes
and as a result of Fourier relationships, finite resonant linewidths. Cavities are
generally characterized by their Q-factor, defined as the energy stored in the cavity
divided by the energy dissipated per cycle. A cavity’s Q is normally given in terms
of normalized resonant linewidth as ω0/Δω, where ω0 is the resonant center and Δω
is the full width at half maximum (FWHM) of the resonance.

The objective of

photonic cavities for the overwhelming majority of applications is to mediate the
interaction of an optical field with matter. Cavities provide researchers with useful
resonant landscapes that frame spectral laser output, and act as a vessel for
creating strong light-matter interactions at low power for nonlinear processes of
emission and detection. In the work conducted by this author, two manifestations
of integrated cavities have been considered: the photonic crystal defect cavity, and

the micro-ring resonator.

Each system offers benefits and drawbacks, but will

certainly both play major parts in the future of integrated communications systems.

5

Micro-ring resonators
Micro-ring resonators are straightforward cavities that exhibit a frequencyperiodic set of modes shown in Figure 2. These structures are thoroughly studied in
the literature for applications from laser sources to detectors and switches. Two
figures of merit exist for micro-rings, the free spectral range (FSR) and FWHM.
Combined, the ratio of FSR to FWHM is called the resonator finesse.
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Figure 2: A simple micro-ring resonator with bus waveguides (a) and FDTD
calculated transmission spectra with no material dispersion included (b).

As discussed above, FWHM or linewidth is determined by the level of energy
containment the cavity exhibits, its Q-factor. The strength of coupling to the bus
input and output waveguides is a major part of the resonator’s Q-factor, but loss
mechanisms like absorption, scattering from edge effects of the ridge, or bend loss if
the waveguide that makes up the ring bends too sharply all play a role in
determining the rings linewidth.
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Figure 3. (color) Example of micro-ring resonant figures of merit.

The FSR is, however determined purely on the optical path length (OPL) of the
resonator. Due to the interference condition shown in equation (1), propagating
round trips of the ring produce a quantization of wavelengths that are allowed to
sustainably exist in the resonant structure.
(1)
(2)

(3)

(

(4)

)
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(5)

It should be noted that while the wavelength spacing is dependent on the
spectral range of interest, the frequency spacing is consistent. However, due to
modal and material dispersion, this periodic set of modes may not be truly periodic
but instead widen or condense with frequency as well as wavelength. This effect
can be seen as a result of modal dispersion in Figure 2.

The primary design

variables for micro-ring resonators are the mode index of the waveguide that makes
up the ring, and the rings circumference.

The physical design elements that

determine the mode index include the waveguide’s cross-sectional dimensions
(height and width) and the indices of all the nearby materials.
By increasing the radius of a micro-ring, the resonances collectively condense
making the FSR drop as 1/R.

Changing of the ring’s waveguide dimensions or

material basis also serves to tune FSR in more subtle ways.

Photonic crystals
The round trip interference condition of the ring resonator is but one way to
generate a resonant structure. Repurposing semiconductor band theory to describe
the behavior of light in periodic dielectric media created an enormous amount of
hope that so called photonic crystals would propel the world into integrated optical
circuitry.

Photonic crystals are dielectric structures that feature periodic

permittivity resulting in spatially extended reflections that interfere to produce
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allowed optical propagation modes.

Under certain physical circumstances,

resonances that distort the dispersion relation lead to the opening of photonic band
gaps (PBG). These frequency bands are spectral spans in which light propagation is
forbidden in the same way electrons experience energy band gaps in crystalline
semiconductor lattices. Aiming to guide and manipulate the propagation of light,
defects are used to create allowable states for light to exist.

This concept has

blossomed into a wide range of devices that, like their electronic counterparts, are
intended to manipulate the movement of photons within the crystal. Completely
scalable based on the lattice constant a, and boasting 100% theoretical reflection
through diffractive effects, photonic crystal devices have been designed and realized
for frequency filters, lasers, chemical/biological sensors, optical circuitry, and slow
light experiments.

While these expectations have certainly been fed by an

enormous amount of device design and innovation, fabrication quality and expense
still stand as road-blocks to their insertion into mainstream technology offerings.
Defects in photonic crystals are generally created through vacancies or even
more subtle changes of a small region of the crystal which create allowable space for
light to oscillate. For example a line defect can be a waveguide while a point defect
acts as a cavity. For the sake of the work discussed later in this dissertation, 2D
hole-type photonic crystal slabs (PCS) have been the focus as shown in Figure 4.

9

A

B

Figure 4: (a) Illustration of a common photonic crystal slab featuring circular
holes in a hexagonal array with a defect line waveguide. (b) The same crystal
shown with an overlay to indicate the irreducible crystal Brillouin Zone.

The design of these devices demands control over may variables with regard to the
defect free crystal:


heterostructure refractive indices,



guiding layer thickness,



photonic crystal lattice (square, hexagonal, etc.),



and photonic crystal unit cell (hole shape, orientation, fill factor and
depth)

as well as variables with regard to the defect structure in the crystal:


number of holes removed,



size and shape difference of defect holes,



and the position shift of defect holes.
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Compiling all these design elements provides a flexible landscape in which to
design PBGs that coincide with desired operational frequencies and further, defect
states within the PBG that may be engineered to achieve the desired functionality.
Because these systems are complicated, analytical solutions are only of use to
study the defect-free crystal design. Therefore, as is customary, the plane wave
expansion (PWE) method is used to analytically study PBG behavior while a finitedifference time-domain (FDTD) routine is implemented in the numerical study of
defect devices. The works described in this report reflect R-Soft Design’s suite of
software for PWE and FDTD.

Post-processing and analysis code based out of

MatLab was also used extensively.

Coupled-resonators
Finally with weight given to the clams of the optical cavity systems described
above and the ever increasing fabrication quality of features on the sub-wavelength
scale, design of more complicated resonant structures has emerged. For example,
when a plurality of N cavities are brought into close proximity to each other, light is
allowed to couple between them and actually propagate through the chain.

By

describing the field of this chain as a periodic array of resonators (n), spaced by
some distance in the z-direction (S) as shown in equation (6), the equation (7) may
be solved to find the dispersion relation, equation (8).

11

(

)

∑

(

)

(

̂ )

( )

(7)

(

[

(6)

)]

(8)

This device is referred to as a coupled-resonator optical waveguide (CROW), and
where an isolated cavity will feature a single-peaked resonance, the CROW
resonance splits into N-peaks and takes on a sinusoidal dispersion relation as
shown in Figure 5.

Figure 5. The dispersion and mode splitting of a CROW chain with seven
arbitrarily coupled cavities. © IEEE

Conveniently, the two figures of merit that govern this resonant substructure
can be decoupled and considered separately, these being again, the FWHM of the
peaks and their FSR.

Therefore, the designer may engineer them separately
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through control over the external decay time (τ) and inter-cavity coupling constant
(κ) respectively.
Due to the diffusion-like energy flow through CROW systems, they achieve
significant group velocity dispersion that can be readily manipulated in design
toward slow light and pulse engineering applications. The CROW technique has
been extensively studied using micro-rings as the unit cavity but has also been
extended to photonic crystal cavities. While the fabrication quality of micro-rings is
currently superior to photonic crystal systems due to less field interaction with
etched-edges, the benefits in scale, field confinement, and propensity for integration
keep researchers working in both cavity types.

Modeling of these higher order

periodic cavity systems can be achieved using analytical coupled mode theory
(CMT) routines as well as numerical studies in FDTD.

Applications
Integrated photonics represents a technology with a plethora of applications.
The scope of the work reported here will include applications in quantum
information science, telecommunications devices, and environmental sensors.

Quantum computation
The “flying” photon qubit is very popular in the design of many quantum
information schemes [1-3].
portability being paramount.

Photons offer this field many useful properties,
It is for this reason that many in the field view

13

integrated photonic devices as the backbone for future exploration of these exotic
theoretical systems.

As mentioned previously, optical cavities are commonly

intended to facilitate a controlled interaction between light and matter. Along these
lines, photonic crystal cavities have attracted much attention as single-photon
strong-coupling can be achieved to quantum dot (QD) electron states [4].
Additionally, though not discussed further in this dissertation, all optical
quantum information circuits have been proposed in an integrated setting. Again,
loss plays a major role in bring these designs to fruition, but the devices rely on the
design of waveguides, splitters, and cavities to generate route and detect the
behavior of light propagation. This networking of photons on chip is a major theme
of the first half of this dissertation, focused on applying a photonic crystal backbone
to a network of cavities and interconnected waveguides mean to facilitate
entanglement under well controlled temporal conditions.

Telecommunications
Discussed at greater length previously, telecommunications dominate the work
on integrated photonics. Optical technologies have steadily moved up the food chain
of computation infrastructure from long haul fiber optics to board-to-board server
relays and will hopefully make the jump onto the computational chips themselves
one day soon.
Integrated slow-light represents the potential solution to many miniaturization
issues in photonic systems today. Devices such as delay lines for optical circuitry
14

and frequency comb sources can be imagined in an integrated form using systems
that boast group velocity reduction by factors of 100 or more [5-8].

CROW

structures and other chip level photonic devices therefore offer much hope for the
progress of optics in the telecommunications industry because of their ability to
manipulate the dispersion of light with less power and in more dramatic ways than
is possible on the macro-scale.

15

CHAPTER 3
QUANTUM INFORMATION PROCESSING DEVICES
Manipulation of quantum natured information tends to inspire the world toward
speculations about a solution to Moore’s Law [9].

As is true with most new

technologies though, especially in their infancy, general assimilation of quantum
information onto the world stage is likely to be unrealistic. However, as applied to
specific problems – physical simulation, cryptography, and specific algorithms – this
quantum information revolution holds very real promise for producing technological
advancements in our lifetime while laying the ground work for future generations of
scientists and engineers.

Much theory exists describing systems for quantum

information processing in a myriad of applications but very few can be tied to a
reasonably physical system.
The effort undertaken by this author in collaboration with Dr Michael
Leuenberger and Dr Hubert Seigneur, was to bridge the gap as it were, between
theoretical quantum system design and experimental device design. Toward the
realization of an integrated, Greenberger-Horne-Zeilinger (GHZ) state by way of the
single photon faraday effect (SPFE), an optical network that operates insensitive to
polarization differences is necessary [10]. It was hoped that, by taking advantage of
the budding work in photonic crystal dispersion engineering, this network could be
achieved in a scalable 2D slab architecture. It was found to be possible to design
such a slab with overlapping PBG for even and odd polarizations, but was
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unfortunately not realistic considering the need for sensitive waveguide and cavity
design.

The research effort did, however, lead to the study of photonic crystal

CROWs as a means to controllably route photons around a chip in a way that lends
itself very nicely to both quantum and classical optical modeling.

Challenge: Integrated polarization insensitivity
Even though the realization of an integrated polarization insensitive network
was ultimately unrealistic, the work conducted led to a deep understanding of the
behaviors of PBGs in 2D slabs as well as contributions to the interpretation of
certain design elements. Aspirations of housing the quantum information network
described previously in a photonic crystal structure demands a stringent set of
design criteria for the photonic devices and drove the effort toward four primary
criteria:


Quantum Dot (QD) embeddable and high refractive index guiding
layer material



Polarization insensitive, low loss waveguides and cavities



Device polarization continuity



Robust optical response to stand up to fabrication error

These criteria stem from a need to relay single photon polarization states
through the network’s guides and cavities with high fidelity. The first criterion led
quickly to GaAs based guiding layers as they offer both high index possibilities and
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a mature QD growth history.

In order to explore the remaining criteria, the

photonic crystal design elements discussed earlier were considered.
Addressing these variables, two studies were carried out to explore the potential
for complete, polarization insensitive PBGs. First, optimizing a set of hole shapes
for orientation, fill factor, and slab thickness [11], and second analyzing the effects
of cladding index on the opening of single mode PBGs [12].

Study: Effect of unit-cell symmetry on photonic crystal bandgaps
Due to the observation by Sakota et al [13], that a fundamental-band oddpolarization PBG is possible only by breaking reciprocal lattice and unit cell
symmetries, the first study carried out was an optimization of novel photonic crystal
hole shapes. Squares, triangles, and tri-clustered circular hole shapes (Figure 6b)
were considered to open a complete band gap between the 1 st and 2nd bands for both
even- and odd-polarized light. This overlap was optimized, via the effective index
method (EIM), for hole size, hole orientation, and slab thickness (Figure 6a) [14]. It
was found that rounded triangular holes and tri-clustered circular holes of fill factor
0.88 and thickness d/λ = 0.112 show identical and optimized gap overlap with a
12.81% gap figure of merit (Δω/ω0).
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Figure 6: (color) Optimization results from hole shape study (a), curves
represent the PBG edges featuring an maximum overlap at a normalized
thickness of 0.112. Hole shapes studies are shown in (b). © SPIE

Many other groups pursued this course of design optimization, relying on the
EIM [15-17]. Unfortunately, these results are now understood to be dubious as the
EIM offers poor approximation of odd-polarization modes for high index-contrast
systems [14].

This method permits the designer to save significant time and

computational resources by approximating a 3D slab as an infinite 2D material with
an index defined by the mode index of the 3D slab waveguide. Calculating the
effective index of a slab waveguide however, depends on the wavelength, as shown
in equation (10), and presents the issue illustrated in Figure 7: for a given spectral
range, the variation of mode index is significantly larger for odd-polarized light.
(9)
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Figure 7: (color) Calculation of the effective index of an example slab
waveguide device.

The two curves represent orthogonal polarizations.

©

SPIE

The literature next went to low index contrast slab structures similar to those of
AlGaAs laser diodes, but these efforts were also not useful for integrated systems as
the structures exhibit all of their photonic resonance behaviors above the cladding’s
light-line resulting in devices that allow leakage in the lateral direction [18, 19].

Exercise: A frequency-relative effective index method
The EIM for the simulation of PCSs offers an extremely desirable ability to
quickly simulate the photonic band behavior of three-dimensional devices through a
sort of effective medium approximation.

Unfortunately, this approximation is

shown to be severally inaccurate for TM (Odd) polarized light unless the modes are
weakly guided – low index contrast or large thickness. This inaccuracy is, in large
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part, due to the dependence of a slab’s effective indices on frequency, a dependence
that varies more strongly in TM (Odd) polarized modes. As a method of correction
to the EIM, we describe a frequency relative version of the popular approximation
using 2D band diagrams from a standard PWE package that shows far stronger
similarity to a fully 3D PWE approach.
The standard EIM is a perturbative approach meant to approximate the
photonic behavior of 3D devices that feature periodic optical properties by a three
step process, illustrated in Figure 8. First, ignoring the periodicity, a first order
approximation of the structure’s optical modes are made. Second, the propagation
is treated as a 2D plane wave in an infinite medium of index equal to the effective
mode indices of each optical mode from the first order approximation and include
the periodicity initially ignored to solve for the effective photonic behavior. Finally,
this effective 2D picture may be manipulated through the inclusion of defects to
approximate the effect of similar inclusions to a fully 3D structure.

Figure 8. Effective index method for photonic crystal slab structures.
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In a PCS made from periodic holes etched through a slab of high index material,
our intended system, the holes are first ignored and the resulting slab mode indices
are used in the infinite 2D structure with included holes to solve for the effective
photonic band diagram (PBD) of the PCS. A major source of inaccuracy in this
method comes from the dependence of the slab’s effective index on wavelength, as
can be seen in the slab mode (7).
As becomes obvious through side by side comparison (Figure 9 and Figure 10),
even polarization is reasonably approximated through the EIM while odd
polarization greatly exaggerated. In much work from the literature, the accuracy of
the even mode approximation was inappropriately applied to odd modes as well
enabling the assertion of functional polarization insensitive photonic band gaps.
Unfortunately though, due to this faulty approximation, such an assertion seems
extremely unlikely.

22

Figure 9.

Even, TE-like polarization photonic band diagram of example

photonic crystal slab. © SPIE

Figure 10. Odd, TM-like polarization photonic band diagram of example
photonic crystal slab. © SPIE

Calculation of the slab’s mode-indices requires the choice of an operating
normalized frequency which, from the start, limits the accuracy of the
approximation to a single frequency.

As becomes clear upon inspection of the
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relationship between effective index and normalized frequency in slab waveguides,
even modes vary to a much smaller degree than odd modes, seen in Figure 7. Over
almost any frequency window, the effective index of odd modes will vary much more
significantly than even modes.
In an effort to salvage this time-saving simulation tool, we implement a version
of the EIM which is frequency-relative.

This Relative-EIM (REIM) builds an

approximation of the 3D photonic band diagram using eigenmodes calculated by the
standard EIM for a single desired normalized frequency at a time. First the routine
scans over the range of normalized frequencies to calculate effective indices for the
slab at each normalized frequency.

It then calculates the 2D eigenmodes and

extracts the k-values that correspond to each frequency and builds a matrix as
shown in Figure 11.

When the matrix is plotted, each point represents an

eigenmode approximated through the EIM but with its appropriate normalized
frequency.
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Figure 11. Illustration of the frequency relative effective index method.

We implemented this routine on a PCS airbridge of slab index equal to 3.5 and
with normalized thickness (d/a) equal to 0.6. Shown side by side in Figure 12 and
Figure 13, the fully 3D calculation, standard EIM, and the R-EIM, it is apparent
that this frequency dependence is indeed to blame for the discrepancy between 3D
and EIM simulations.

While there still exists an undetermined resonance

frequency shift component for both even and odd calculations, the general behavior
of the primary PBGs are better captured through this frequency relative approach.
It is this general behavior that is most important, after all, as the fabrication
process makes any simulation tool merely an approximation to reality.
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Figure 12. Even, TE-like polarization photonic band diagrams of example
photonic crystal slab using the frequency relative effective index method. ©
SPIE

Figure 13. Odd, TM-like polarization photonic band diagrams of example
photonic crystal slab using the frequency relative effective index method. ©
SPIE

Calculating a full spectrum requires numerous 2D calculations, each with an
appropriate effective index, that are assembled to construct a 3D equivalent; a
process that ultimately only saves time compared with 3D calculations when the
same 2D set can be reused.

Additionally, there is still an issue with nominal

resonant center of the PBG in this REIM and so for studying odd modes, it is not
recommended to use an EIM of any kind.
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With so many constraints developed around the search for a polarization
insensitive PCS, fine lines need to be drawn and considered in order to determine if
such a device is possible. The next study conducted is therefore an analysis of these
lines (the light-line and the single-mode slab cut-off condition) in relation to the
photonic response of PCS structures with a complete PBG.

Study: Slab engineering optimization
In an effort to design PCS devices that operate in a single slab-mode regime, the
effect of increased cladding index was studied using 3D FDTD and PWE simulation
methods. It is known that while increased cladding index forces the light-cone to
constrict in frequency, the single mode condition eases allowing for the use of
thicker slabs that remain single-mode. This study shows that the behavior of the
PBG is similar to that of the light-cone, sweeping lower in frequency, and even
widening in some cases, as cladding index increases. Band gap behavior for both
even- and odd-polarizations over thicknesses from d/a = 0.2 to 0.6 and cladding
indices from 1 to 2.5 were studied in an effort to design a single-mode, polarization
insensitive, complete band gap. When graphically overlaid in Figure 14, Figure 15,
and Figure 16, the light-cone, single-mode condition, and transmission spectra
represent an enabling reference for the design of realizable structures. The FDTD
variable scan results in Figure 14 show transmission where low signal (blue tones)
indicates a PBG and high signal (red tones) indicates a propagating mode.
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Figure 14. (color) FDTD transmission spectra scan results showing even (a, c)
and odd (b d) polarizations in both M (a, b) and K (c, d) crystal directions with
the light line (white) and single-mode cut off (red) overlaid. Slab thickness
for these scans was d/a = 0.6. © SPIE
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Figure 15. PWE transmission spectra scan results showing even modes for
different normalized thickness. © SPIE

Figure 16. PWE transmission spectra scan results showing odd modes for
different normalized thickness. © SPIE

For device applications where modal dispersion is detrimental or single mode
operation is necessary, a paradigm shift away from air-bridge devices was shown to
be essential as single-mode structures of this type demand slab thicknesses far too
thin for adequate band gap engineering.
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Results: Too narrow the window
The analysis of slab properties, including thickness and lateral index contrast
led to two conclusions that, based in the triangular hole form, are true in general.
First, 1-2 band gaps will only offer very narrow regions of polarization overlap,
circled in Figure 16, which are ill-suited for cavity defect engineering. Secondly,
although higher order PBG resonances are deceptively wide due to the masked
crystal mode behavior above the light-line, they represent the best chance that
remains for the realization of polarization insensitive PCS device operation in a
regime not overly sensitive to loss. It was found not feasible to design a polarization
independent photonic crystal network for such sensitive applications as quantum
information science.

Challenge: Photonic crystal fabrication
Intending to ramp up an in-house fabrication capability in PCS devices, the
author undertook the preliminary fabrication steps necessary to achieve an
airbridge PCS in GaAs. The proposed process included:
1. Wafer growth – The epitaxial structure should feature the growth of a buried
sacrificial layer of AlGaAs a few microns thick beneath the guiding GaAs
layer.
2. Hard mask deposition – Due to the need for precisely defined and potentially
deep hole profiles, it is customary to deposit a thin hard mask layer,
commonly SiO2 that has a plasma etch selectivity in between that of the
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resist and the guiding layer.

This thickness must be optimized for best

pattern transfer.
3. E-beam mask – The GDS file for the e-beam writer to read must be created
and include the entire structure including in- and out- coupling regions as
well as the central photonic crystal device.
4. E-beam lithography – Exposure in a Leica EBPG5000+ Electron Beam
Lithography System, followed by treatment in resist developer.
5. Plasma etching – After lithography, a three step etch process begins by
plasma etching to transfer the pattern to the hard mask then from the hard
mask to the guiding layer.
6. Sacrificial layer etching – In order to expose the suspended membrane, the
sacrificial layer must next be wet etched away in the third etch step leaving
the patterned device to bridge an air-gap.

Exercise: E-beam lithography
Before the theoretical effort described in the previous section was deemed a deadend, fabrication was carried out on circular and triangular holes through the first
part of step 5 as shown in Figure 17.
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Figure 17: SEM images of photonic crystal fabrication into the hardmask
SiO2 layer with GaAs substrate beneath.

Images A, B, and C show

progressively deeper hardmask layers and D shows the triangular hole
shape.

Etch parameter optimization was carried out on photonic crystal with circular
air wholes of SiO2 down to a lattice constant of a=500nm where sidewall angling
became more of a challenge as shown in Figure 17c. Additionally, only the initial
attempts to define a clean process for the fabrication of triangular wholes was
conducted as shown in Figure 17d.

Challenge: Integrated photon transfer
Still working to bridge gaps between quantum theory and practical device
design, the author and colleagues focused on a quantum mechanical modeling
problem: it is difficult to appropriately model quantized photon propagation in a
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continuous waveguide model. Therefore, by treating the waveguide as a coupledcavity chain, a phenomenological description of the tight-binding Hamiltonian can
be written in the basis of creation and annihilation operators that move photons
from one quasi-mode to another [20, 21]. From the classical side, CROWs match
this optical transport landscape and provide for a deeper understanding of the
underlying physics of features that are truly critical to the behavior of the quantum
network.

CROW’s unique dispersive properties together with the careful

engineering of the dynamic coupling between nearest neighbor cavities provide the
necessary control for high-efficiency single-photon on-chip transfer [22].

Study: Quantum mechanical modeling
A general Hamiltonian for this system is derived from the tight-binding
Hamiltonian and is shown in equation (11). ̂ and ̂ are the creation and the
annihilation operators for the field in the jth cavity and ωc is the resonant cavity’s
frequency.
̂

∑

where the terms

̂ ̂

∑
and

(̂ ̂

̂

̂)

( )

()

( 11 )

represent the time dependent interaction between

isolated cavities 1 and N and their connecting waveguide. These terms represented
the principle focus of this effort because they dictate how catch and release is
realized.
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In the Wannier representation, essentially a real-space picture of localized
states, this Hamiltonian matrix is written representing 12 cavities as:

̂

( 12 )

[
where state

]

⟩ corresponds to the Wannier function localized in the first cavity

forming the CROW, and state

⟩ corresponds to localization in the second cavity

forming the waveguide, and so on [23, 24]. The diagonal matrix element for each
site is Ec, this is the energy of the resonant mode for each cavity. Periodic boundary
conditions are expressed at the waveguide ends as ̂

̂

and ̂

̂ .

Study: Classical modeling
A classical optical system was designed in 2D to corroborate the propagation
properties of light in the quantum system. The photonic crystal CROW shown in
Figure 18 offers a great comparison to the quantum model as the behavior of these
coupled high-Q cavities can be described by a classical tight-binding model very
similar to the quantum Wannier matrix representation. This effort was simulated
using PWE and FDTD studies in order to provide further verification of the
physicality of such a photon transfer scheme.
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Figure 18: Illustration of the CROW chain used to controllably transfer a
cavity mode between cavities. © Hindawi

The unit cavity for this CROW is chosen for its simplicity and offers a
straightforward means for switching between an isolated cavity mode and a
propagating CROW mode.

The dispersion for this CROW, Figure 19a, shows

confinement in the M crystal direction and dispersive propagation in the K direction
which aligns to the chain. Also, illustrated in Figure 19b, changing the refractive
index of the slab material shifts the resonant mode in frequency causing the
coupling coefficient to drop at the operational center frequency thereby providing a
barrier to propagation.
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Figure 19: (color) The dispersion of a CROW with the cavities aligned to the
K-crystal direction (a). Resonant spectra of a single, isolated unit-cavity for
various slab indices (b). © Hindawi

Three cavities, with the first and last cavities’ resonance-switched by index
variance, can be used to create a single, high-Q cavity as shown in Figure 20.
Switching the third cavity of this set’s index back to normal releases the energy via
the propagating CROW mode until it is again caught by the opposite procedure.

Figure 20: By switching the index, a mode is allowed to propagate via a
CROW mode and be trapped again by index switched barrier cavities.
Hindawi
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©

Results: Catch and release
While the quantum mechanical model achieves release and capture of a photon
wavepacket by direct switching of the coupling coefficient at 93% transfer efficiency,
this method could not be confirmed in the classical system because a physical
realization was not found. Instead, using the method described above of indirect
coupling coefficient switching, by way of resonance shifting, both the quantum
mechanical and classical models achieved 75% transfer efficiency, in terms of
transferred the energy density. The quantum mechanical result, shown in Figure
21, illustrates unswitched and switched propagation with time.

Figure 21: Spatial transfer of a single-photon using a quantum mechanical
model. Shown with the cavity switching mechanism off (a) and on (b). ©
Hindawi
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Using an FDTD simulation, the classical model’s confirmation of transfer
efficiency is shown in Figure 22 with energy density monitors in the launch and
reception cavities.

Figure 22: (color) Spatial transfer of light using a classical model in a CROW
chain.

Release (red) and capture (blue) of light buy monitoring energy

density was achieved to 75% efficiency. © Hindawi

It was demonstrated that in theory, using both a quantum mechanical and
classical model, single photons can be transferred efficiently on chip from one highQ cavity to another using CROWs if the dynamic coupling between nearest neighbor
cavities is carefully engineered. The endeavor to realize this system in the realistic
form of a 3D PCS presents one major hurdle: out of plane loss mechanisms. Due to
the low group velocity of CROW modes and the zero group velocity of the high-Q
state, careful engineering of the spatial field distribution’s Fourier components will
be necessary to avoid coupling to out of plane, radiative modes. Until then, though,
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the two models shown in this work yield strikingly similar photon transfer
efficiencies which reinforces the versatility of CROWs and the advantage of using
such structures to implement photonic quantum networks.

39

CHAPTER 4
COUPLED-RESONATOR FREQUENCY COMBS
The Nobel Prize was recently awarded to the men responsible for the frequency
comb laser source. This type of laser naturally produces a pulse train of light with
low timing jitter and with spectral composition of nearly discrete and evenly spaced
frequency components. It has earned such high praise due to the revolutionary
effect it has had in many technologies including high-sensitivity spectroscopy,
optical clock and time referenced measurements, and telecommunications capacity
[25]. As our ability to advance sensing technologies pushes us toward compact and
deployable form factors, and the global information grid emphasizes the need for
power efficiency and integrated scalability, researchers drive the existing
technologies into the micro- and even nano-scale world.

This is now true of

frequency-comb laser sources and motivates the culminating research of this
author.
Motivation to study such systems extends further than academic curiosity as an
emphasis in so-called Electronic-Photonic Heterogeneous Integration (E-PHI) has
been made by agencies such as DARPA in the United States. Part of this drive
toward photonic systems on chip is the need for robust sources including frequency
combs for clocking, dense communication protocols, and metrology.
Due to the inverse relationship between physical size and spectral extent, as
formalized by Fourier, an obvious obstacle presents itself: photon lifetime is the key
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characteristic to generate a fine frequency comb [26]. It is with this in mind that
the concept for using slow-light devices to realize an integrated frequency comb
laser source came to be.
‘Slow light’ occurs in two manifestations – electrically induced index spiking and
meta-materials. In meta-materials, for example CROWs, the group velocity of light
can be greatly reduced and has found applications in quantum optics work in order
to increase light-mater interaction times.

These structures are capable of

theoretically infinite optical slowdown but can also produce comb-like resonances as
discussed above.

Challenge: Integrated frequency comb generation
Like the resonant structure of micro-ring resonators, a standard cavity will
feature a periodic resonant structure; that is to say, a set of evenly spaced
frequencies that could be occupied by light. The trick to creating a comb laser
source is in populating each of these resonant modes.

Populating a set of

resonances can be achieved in a few ways, including direct modulation of continuous
wave (CW) excitation which generates the necessary spectral content by imparting
an RF tone on the CW signal, and four wave mixing (FWM) which uses nonlinear
sum-difference generation to populate neighboring modes [27].

The former is

popular in macroscopic and monolithic systems while FWM has become the
standard for integrated systems due to the enhanced light-matter interactions
possible.
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Regardless of the technique for comb population, the process is called modelocking and it is the key to the stability and usefulness of frequency comb sources.
This energy sharing process correlates the light in each mode to the point where
their oscillations are all coherent.
multispectral CW.

Up until this point, laser output is simply

Once the resonator is mode-locked, however, each mode is

synced up and the laser operates in a finely tuned pulsed operation.
Inconsistencies in the passive cavity’s mode spacing, width, or amplitude act as
an envelope to the perfectly periodic set of mode-locked modes and effects of this is
observed in the phase information of the output pulses. It is therefore crucial to
keep this passive cavity structure in mind when designing a comb source. In nearly
all systems, dispersion of some sort exists which causes mode spacing to vary. For
example, in fiber ring resonator comb systems, dispersion compensating fiber is
standard and frequently advanced techniques are employed to counter act other
sources pulse chirp or dispersion in the system.

Imperfect combs result in

decreased source accuracy which is detrimental to most frequency comb
applications.
By snaking integrated waveguide loops on chip, optical path lengths long enough
to achieve competitive output down into the 10s of GHz range [28]. Additionally,
because the mode volume is so small, FWM is possible making the design and
execution of such systems simpler. The current barriers existing at this level, to
which the proposed work hopes to overcome, are twofold.
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High finesse and high rep-rate devices do not co-exist



Integration footprint is large for high rep-rate devices

Study: CROWs as frequency combs
The spectral composition of CROW devices has been primarily studied without
much interest in the finer modal structure available in a given resonant window,
however. Instead, they have been explored for their dispersion characteristics as
filters, pulse shapers, and slow-light delays [29-31]. It is proposed here that if these
split resonant modes of CROW lines could be made to exhibit very narrow
linewidths and a high degree of uniformity, their application space could be greatly
expanded.
Using the following CMT scheme executed in MatLab and verified by FDTD
simulation, the resonant spectra of CROW chains can be predicted quite nicely.
Figure 23 shows a system of six cavities can be made to couple to each other with a
strength denoted by κ.

Figure 23: Schematic of a CROW chain. Sin and Sout represent energy in and
energy out through cavities labeled by an.

In standard chain architecture, this means an all diagonal coupling matrix is
written, equation (13), which can be solved for transmission (T) and normalized by
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an input energy (Sin) as shown in equation (15). The term s in this matrix is defined
as -i(ω-ω0) where ω0 is the resonant center of each cavity in the chain [6, 32].

⁄
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)
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⁄

Solving this matrix equation for a given spectral range yields a resonant
structure that matches FDTD simulations nicely. Loss or gain mechanisms can be
included as shown in equation (16) by adding terms (1/τl) to the diagonal which
bring CMT and FDTD calculations into even better agreement as shown in Figure
24.
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(a) FDTD and (b) CMT calculations of a six-cavity CROW.

Without loss, the peaks would be uniform amplitude.

Being more drastically slowed down at the edges of a CROW resonance, the
effects of loss are more strongly felt leading to the transmissive amplitude drop-off.
Isolation of the CROW from the input and output waveguides, increasing the output
lifetime (τ), increases the chain’s system Q-factor and makes the peaks more
pronounced. It should also be noted that because loss in the system has the same
form as this output lifetime, loss contributes directly to linewidth broadening.
The coupling coefficient is directly tied to the bandwidth of the resonant cluster
in CROW systems, B = 4κ. Increasing the bandwidth alone will increase the FSR
but maintain constant finesse unless the external coupling coefficients are also
decreased. In which case, finesse would increase with τ. Therefore, a CROW that is
strongly coupled internally but weakly coupling to its bus waveguide could show
strong promise as a frequency comb source. Loss does provide practical limit that is

45

quickly reached in a CROW chain when pushing for high finesse, however, and so
exploration of different coupling schemes is necessary.

Study: The coupled-resonator optical waveguide loop (CROWL)
To increase finesse of macro scale frequency comb sources, disparately sized
resonators coupled in the same cavity offer insight in this application of CROWs to
the challenge of integrated comb sources. Insertion of an inter-cavity etalon with a
desired FSR couples with the initial cavity’s narrow line width to produce a spectra
that boasts the best of both cavities and a very high finesse [33]. Taking note of this
work, an higher-order source of feedback is provided by looping the chain back on
itself and therefore making the chain periodic as shown in Figure 25 [34]. The
geometry is referred to as a coupled-resonator optical waveguide loop (CROWL).

Figure 25:

Schematic of a coupled-resonator optical waveguide loop

(CROWL). Sin and Sout represent energy in and energy out through cavities
labeled by an.
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As discussed earlier, when cavities are brought in close proximity to each other,
light that was once confined to a single cavity is allowed to evanescently couple
between them.

The isolated cavity’s single frequency resonance takes on a

sinusoidal dispersion relation that is indicative of wave propagation.

A

transmission filter made up of N coupled resonators results in a spectrum of N splitoff peaks with frequencies corresponding to evenly spaced k-values, as illustrated in
Figure 5.
Exploring this looped geometry using the CMT equation shown below in
equation (17), for a six-cavity CROWL, offers a means for qualitative, and to a
limited degree quantitative, analysis of CROW resonant behavior [35, 36]. The full
bandwidth of this resonant feature is still purely dependent on κ, and so scaling this
system up to many resonators of constant coupling strength will result in an
increasingly dense set of peaks. The off-diagonal coupling terms (in red) of κ6 are
what makes this coupling matrix periodic and, physically, a loop. This periodicity is
addressed in the coupling matrix through inclusion of a sixth coupling coefficient
between cavities one and six in the off-diagonal corners as shown in equation (17).
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In difference to the above discussion of the coupling matrix, a general loss term,
denoted by 1/τn is included here which includes out coupling to waveguides as well
as loss mechanisms,
⁄

⁄

( 18 )

⁄

For now, however if loss is ignored, both FSR and FWHM drop off as 1/N leaving
the finesse constant. The inclusion of cavity loss, however, slows the FWHM drop
off, shown in Figure 26, yielding a decreasing finesse with N. The additional
feedback mechanism offered in the closed loop geometry promises to help alleviate
this trend by imparting consistently finer FWHM.
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Figure 26: Coupled mode theory generated scan over CROW and CROWL
devices with increasing number of peaks. © IEEE

In order to achieve realistic quantitative analysis of such a system, CMT
calculations were abandoned in favor of FDTD calculations.

A more physically

inclusive tool, albeit more computationally extensive, FDTD allows for the
simulation of real structures.

The calculations that follow were performed by

FullWAVE from R-Soft Designs and make use of a TE-like polarization effective
index method which allows for significantly less computationally exhaustive 3D
simulations during optimization.
The physical system of choice for this work is based in a photonic crystal
backbone that has a hexagonal lattice of circular air holes of radius 0.3* a, where a
is the lattice constant. Making this CROWL a physical design means identifying a
cavity mode that can couple in a non-collinear chain. Featuring standing mode
oscillation when isolated, the cavity that makes this looped architecture possible
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features preferential field leaking in a 30° cross about the cavity center, as shown in
Figure 27. Referred to as an L3s1 cavity, it is extensively studied in the literature
and is shown as inset in Figure 27a [37-39]. The photonic crystal defect consists of
three missing air holes and one hole on each end that is shrunk to 2/3* R0 and
shifted outward by 0.2*a. The spectral response of this isolated cavity is shown with
reference to the spatial mode structure in Figure 27. This mode therefore couples
very nicely along 60° bends, yielding a fundamental looped geometry of the hexagon
shown in Figure 28a.

Figure 27:

(color) FDTD simulation of the L3s1 unit cell defect cavity

resonances within the photonic bandgap of a 3D dielectric slab with index 3.4
and thickness of 0.6*a. Also provided are 2D-plane slices of the Hy mode
structures corresponding to these resonances. © IEEE

Limited only by this 30° inter-cavity coupling restriction, this unit cavity may be
implemented in CROWL resonators that scale larger than the six-cavity example
discussed in this work. Loops of N=4m+6 are possible when m is any integer. It is
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also possible to control the coupling coefficient of these coupled resonators by
proximity or by tuning the defect cavity itself subtly to increase or decrease its Qfactor.
The other modes also exhibit similar 30° field strength, but with weaker
preference. It should be noted in Figure 27 mode 2 however, that the field geometry
is very similar to that of mode 1. The important difference is that mode 1 is only
symmetric about the x-axis while mode 2 offers two-fold reflection symmetry, along
the x- and z-axis, which may prove useful in future work.

Figure 28:
that feeds back on itself. Five spacer holes make up the elbow in the ring
embodiment used in this work. © OSA

As an open chain, six cavities produce six-peak clusters from each mode of the
chain’s unit cell cavity with linewidths limited by the input and output coupling
constants. Once coupled back on itself in the new loop configuration, the number of
modes reduces to four (N/2+1) which can be understood through analysis of the
modal symmetry, analogous to the electronic energy states in a benzene ring. As
shown in Figure 28 there are zero, one, two and three plane symmetries possible in

51

the mode structure of the six-cavity ring that allow for constructive interference
upon roundtrip paths, and so we observe a resonant structure with four peaks
instead of six.

Figure 29.

Benzene (a) and its CROW analogy (b) with energy states

understood through resonant symmetry (c).

In order to demonstrate the effect of waveguide feedback in a passive filter
device, a direct chain-to-ring comparison was presented for a larger system. Figure
30 shows two CROW systems, one with a 28-cavity chain and one as a 28-cavity
loop, both consist of the same unit cavity and coupling coefficients. As expected,
with identical coupling parameters, the loop device yields a resonant structure with
a finesse of 10.15, approximately twice that of the chain.
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Figure 30: Lossless CMT calculated transmission spectra of a 28-cavity chain
(a) and loop (b). © OSA

With an eye toward the design of a high finesse integrated frequency-comb laser
source, the resultant spectra of CROWLs offers promising initial progress.

By

implementing the same method but with a seven-cavity separation elbow (decreased
coupling coefficient), a finesse of nearly 20 in the 10GHz central FSR range is
achievable in a device that would require (with 1.55µm as the center wavelength)
only a 70µm by 90µm piece of chip area.

Results: Understanding obstacles
This initial exploration of the fine resonant properties of CROW and CROWL
systems has shown light on the potential for using these structures for the creation
of integrated frequency comb sources.

The primary results of these studies are

twofold. First, the extent to which the CROW is coupled to its bus waveguide is
crucial to maintaining high finesse. Second, and more fundamentally, inconsistent
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resonant spacing is a detrimental characteristic that must be overcome.

These

crucial design needs motivate the remaining challenges covered in this dissertation.

Challenge: Coupling to looped CROWs
As discussed previously, there are benefits of increased finesse by coupling a
CROW chain back on itself. Reduction in individual resonant linewidth is achieved
making these slow light modes more conducive to periodic filters toward novel
frequency-comb integration. It was also found that control over external coupling
processes is vital to maintaining narrow linewidths. Therefore, through numerical
simulation by FDTD methods, CROWL symmetry conditions were studied with an
eye toward producing the desired resonant cluster predicted by CMT [40]. The
impact of unit cavity’s mode symmetry strongly impacts the necessary coupling
geometry to both cavities and waveguides. Design insight into different waveguide
coupling schemes is provided while aiming to achieve transmission of the resonant
structure exhibited by the isolated resonator.

Study: CROWL mode symmetry considerations
In the field of photonics, both active and passive devices demand high finesse
resonances for mode selectivity, stability, or resonant shift sensitivity. Passive
devices such as environmental sensors and spectral filters make use of high finesse
resonances to increase their sensitivity [41-44]; micro-laser designs look to minimize
resonant linewidth and lasing threshold [45-49]; hybrid devices like those that
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make up communications systems value linewidth and stability toward denser
communication architectures [8, 25, 50]. In addition to higher finesse, continually
smaller form-factors are desirable. This second demand comes into direct conflict
with the first due to the long photon lifetimes in long cavities normally necessary to
achieve fine linewidth. Fortunately, through the use of micro-rings and photonic
crystal cavities, there exists the potential to satisfy both demands simultaneously.
Slow-light in an integrated, chip-level manifestation has become the topic of
intense study in recent years. As the fabrication quality of features on the subwavelength scale and side-wall roughness has improved, weight has been given to
the claims of optical systems such as micro-ring resonators and photonic crystals [8,
29, 31, 51-54]. In these devices, waveguide dispersion is used to generate optical
modes with low group velocity. This slow-light effect therefore enhances temporal
light-matter interactions, enabling dramatic reductions in device scale. CROWs
have been shown to offer strong slow-light potential, as well as large group velocity
dispersion and a multi-resonant modal structure that can be readily manipulated
by design [55]. The CROW technique has been extensively studied using micro-rings
as the unit cavity but has also been extended to photonic crystal cavities. In both
cases, the unit-cavity Q-factor is preserved with the addition of coupled cavities [54,
56]. While the fabrication quality of micro-rings is currently superior to photonic
crystal systems due to less field interaction with etched-edge roughness, the
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benefits in scale, field confinement, and propensity for integration motivates this
work in pursuit of a photonic crystal embodiment of CROWs.
Traditionally, spectral composition of CROW devices has been studied without
much interest in the finer modal structure available in a given resonant window.
Instead, they have been explored for their dispersion characteristics and use as
filters, pulse shapers, and delay lines [6, 35, 57]. It is proposed here that if these
split resonant modes of CROW lines could be made to exhibit very narrow
linewidths, their application space could be greatly expanded. Toward this goal, we
previously presented the design of a CROW chain that loops back on itself [34]. This
design takes a cue from the work of Poon et al, and is capable of offering a resonant
structure unique from its open chain counterpart with increased finesse [58]. These
circularly arrayed architectures have been primarily studied with regard to rotation
sensors but also may have future applications in tunable laser sources [58-63].
CROWLs are explored further in this section with a focus on coupling methods for
the insertion of light into, and extraction of light out of such devices. An
investigation into the modal structure of a six-cavity CROWL was carried out to
illuminate the three photonic crystal waveguide-to-cavity coupling geometries
explored.
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Figure 31. 3D FDTD calculated resonant spectra of an isolated six-cavity
CROWL simulated as air holes in a slab of index 3.4 with resonance centered
at 1.55μm wavelength. Inset shows device illustration. © IEEE

By calculating the resonant response of an isolated six-cavity CROWL in a 3D
slab of GaAs or Si with index 3.4 (Figure 31), loss parameters are considered and
matched to 2D simulations with great agreement. For the case of TE-like modes in
photonic crystals, this type of effective index method has been shown to be a good
approximation [14]. Due to radiation mode coupling, an effective index of 4.0 is
found to be appropriate for simulating the resonant structure with regard to
linewidth and FSR (Figure 32a). An effective index of 2.77, however, is appropriate
for approximating the resonant center frequency in 2D (Figure 32b). While the
resonant center frequency is dependent on the mode of the unit-cell cavity, the
coupled-cavity resonant structure is dependent on the coupling parameters between
cavities (κ) which, due to expected radiation loss, shows reduced effective intercavity coupling. This smaller inter-cavity coupling has the same result on the
coupled-cavity resonant structure as raising the cavity’s Q. Therefore, raising the
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index of the material in 2D serves to mimic these conditions in 3D for our specific
case.

Figure 32: (color) Effective index calculations to determine appropriate 2D
indices to approximate a 3D photonic crystal slab featuring a CROWL
structure. Both calibration for resonant characteristics at (a) neff=4.0 and
resonant center at (b) neff=2.77 were performed. © IEEE

In an effort to better understand the spatial mode structure of CROWL
resonances, the frequency response of an isolated six-cavity CROWL was studied
using FDTD simulation. By numerically forcing field symmetry along the two inplane axes (x and z) via boundary conditions, it becomes clear through inspection of
Figure 33a that the four resonances predicted in the CMT model are spatially antisymmetric about the z-axis. It is also illustrated in Figure 33a that there are
actually two x-symmetric and two x-antisymmetric resonances that make up the
four-peak resonant structure of a six-cavity CROWL.
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Next, by numerically forcing spatial symmetry about the z-axis, a single pair of
modes is present whose center is red shifted from the single-cavity and zantisymmetric cases. This z-symmetric set also shows x-symmetric or antisymmetric versions along the same lines as those of z-antisymmetry (Figure 33b).
For clarity in identifying resonant symmetry characteristics, the frequency markers
shown in Figure 33 will be reproduced on the subsequent analyses of CROWL
coupling geometries.

Figure 33: (color) Spectral response of an isolated six-cavity CROWL under
symmetry restricting simulation with (a) Z-antisymmetry and (b) Zsymmetry. Solid and dashed frequency markers indicate Z-antisymmetric
and Z-symmetric resonances, respectively. Red and blue frequency markers
indicate X-antisymmetric and X-symmetric resonances, respectively. © IEEE

To further illustrate the structure of these modes, Figure 34 shows a simplified
picture of how an isolated cavity mode like that of mode 1 (Figure 27) with Z-
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antisymmetry would resonate in a six-cavity CROWL system like that under
investigation here.

Figure 34: (color) Illustration of a six-cavity CROWL showing mode structure
symmetries. Red and blue regions represent respectively positive or negative
Hy field direction. Empty cavities are necessary to exhibit Z-symmetry. ©
IEEE

Results: Guidelines for waveguide-CROWL coupling
Our previous work focused on a waveguide coupling scheme attempting to best
match the unit resonator mode’s geometry, a 30° cross. The result is what will be
called symmetric butt-coupling and is illustrated in Figure 35a with introduction in
[34]. From the above symmetry study, however, a weakness of this coupling method
was observed. Symmetrically coupling to two cavities simultaneously forces Xsymmetry in the CROWL resonator and limits the modes allowed to transmit.
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Therefore, the following is intended to identify a waveguide coupling scheme
capable of transferring the Z-Antisymmetric modes this CROWL exhibits in
isolation from waveguides.

Additionally, we wish to maximize resonant finesse

where possible.
It was observed that the spectral response of our unit cavity is distorted when
the waveguide is brought too close to a cavity. Therefore, in this symmetric buttcoupling scheme, the CROWL under study yields resonant features that are
recognizable when the input waveguide is moved to 6.08*a from the targeted
coupling cavities’ center (Figure 35b inset), where a is the photonic crystal lattice
constant. Shifting the coupling waveguides further from the CROWL to 6.93*a
brings the resonances into sharp contrast and demonstrating the X-symmetric
modes as designated by blue frequency markers in Figure 35c.
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Figure 35: (color) (a) Schematic of symmetric butt-coupling technique for
accessing a photonic crystal CROWL. FDTD transmission for a waveguide
end to cavity center distance of (b) 6.08a and (c) 6.93a. © IEEE

Exploring physically reasonable alternative geometries in the photonic crystal
CROWL backbone, the next waveguide coupling scheme aims to limit coupling to
single cavities by shifting the input and output waveguides two crystal rows up or
down as illustrated in Figure 36. This coupling method takes the system out of X- or
Z-symmetry and so it is referred to as asymmetric butt-coupling. By shifting the
input and output waveguides, light will couple more strongly to a single cavity from
each waveguide. As predicted by the CMT model, this single-cavity version of buttcoupling yields higher finesse peaks than the symmetric version at the same
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horizontal spacing. The resolution of these peaks is smaller than that of the FDTD
simulation implemented however (15E-6 (a/λ) or 11GHz at λ = 1.55μm) so no
quantifiable statement will be made about the specific Q-factors produced at this
time. As the waveguides are moved away from the CROWL, the linewidths decrease
and transmit the X-antisymmetric modes only (Figure 36).

The reason for X-

antisymmetric mode generation is apparent, due to the physical X-asymmetry of the
device. It is also worth noting that for waveguide separations smaller than that
shown in Figure 36b, a resonant structure that transmits all six possible symmetry
modes may be achieved.
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Figure 36: (color) Schematic of asymmetric butt-coupling technique for
accessing a photonic crystal CROWL (a).

FDTD transmission for a

waveguide end to cavity center distance of 5.29a (b) and 6.24a (c). © IEEE

In order to further limit the waveguide coupling to a single cavity, and to do it in
a physically symmetric way, a side coupled scheme was studied. By passing parallel
waveguides alongside two opposing cavities as illustrated in Figure 37a, guidedmode evanescent coupling is possible. As a note, all spectra shown in his work are
normalization to the maximum transmittance of each scheme. Therefore, while it
can be said that the device shown in Figure 37c has higher transmittance than that
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in Figure 37b, it is not possible to say how it compares to devices in the other
coupling schemes.

Figure 37: (color) Schematic of side-coupling technique for accessing a
photonic crystal CROWL (a). FDTD transmission for a waveguide end to
cavity center distance of 5.20a (b) and 6.06a (c). © IEEE

Well behaved isolation-like resonances are produced from this scheme, and all
have linewidths beneath the FDTD resolution confidence. Side-coupling offers
single cavity accessibility which should help to minimize transmitted linewidth,
provides simple degree-of-confinement control, and most importantly allows the
desired spectral transmission signature. It is therefore shown to be the most
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effective method for producing Z-antisymmetric modes and high finesse throughput
in this CROWL architecture. Again, for thoroughness, it is noted that for coupling
distances smaller than those shown in this work, resonant distortion is observed
resulting in an un-desirable resonant structure.
Through the study of three different coupling methods for turning a CROWL
into a device capable of high Q and multi-peak filtered throughput, the importance
of coupling symmetry conditions have become paramount. Using fully numerical
techniques, this method of accessing a CROWL quickly brought the work to the
practical resolution limit of our FDTD scheme. However, this signifies the potential
of coupled-resonator structures, making use of high-Q photonic crystal cavities, for
the generation of comb-like, high finesse, passive filtering elements.
Investigation into the modal symmetries that give rise to the resonant groups in
CROWLs provides insight that can be used to design these devices with further
clarity. The primary barrier to the application of CROW structures to frequencycomb applications remains the uniformity of peak spacing. As the number of
coupled-resonators increases, the FSR uniformity for the central resonances
increase, and it is expected that engineering the coupling constants will provide for
further progress. Work in the next section of this dissertation will be focused on
determining the level of resonant control that can be achieved by varying the
coupling parameters between neighboring resonators.
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Challenge: Micro-ring CROW fabrication
In order to study the behavior of the structures under investigation further,
characterization of tangible devices became necessary.

Design work of

electromagnetic devices can be misleading due to the exact nature of Maxwell’s
equations. In reality, however, there are always approximations that must be made
to make solutions reasonable. Therefore, in order to gain insight into the behavior
of CROWLs and to add real data to predictions of coupling coefficients with regard
to design parameters, collaboration with the fabrication team of Dr. Sharon Weiss
at Vanderbilt University was created. Proof of concept devices were designed by the
author and produced by the Vanderbilt team.

Exercise: Design of non-collinear racetrack resonators
Photonic crystal platforms and resonators have been the primary focus in this
dissertation, but in designing proof of concept devices, micro-rings provide two
advantages. First, fabrication losses in rings with available fabrication processes
are much less than in photonic crystal systems. Second, tuning of the ring-to-ring
coupling coefficient is more straightforward in rings and can be performed in a more
robust continuum. Therefore, a unit resonator must be designed to enable noncollinear CROWs to be designed. The micro-ring embodiment shown in Figure 38
takes the same six-resonator system studied in theory with photonic crystals and
uses rounded equilateral triangles which complete a loop or stack as a chain.
Utilizing the same ring-to-ring angular change, this resonator and the L3s1
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photonic crystal cavity described in detail above exhibit the same N=4m+6 scaling
for CROWLs and can be of arbitrary length in standard CROW chains.

Figure 38: L-Edit e-beam mask-writing screen shot of triangular racetrack
coupled-resonator devices.

Simple rings offer but a small region for coupling and so are extremely sensitive
to fabrication inconsistencies.

With the primary objective being to observe the

dependence of coupling coefficient on waveguide width (W) and ring-to-ring spacing
(S), the racetrack technique is employed which boasts a straight coupling region of
length L (in fabricated devices, L = 4µm). A blue print for the design of these microring resonators is provided in Figure 39.
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Figure 39. Blueprint of the design of triangular micro-rings for CROW and
CROWL fabrication.

Study: Device characterization
Further

collaboration

with

the

Vanderbilt

team

allowed

for

device

characterization to measure the transmission spectra of the devices. SEM imaging
of the resultant devices revealed that, A fiber coupled system featuring a Santec
tunable semiconductor laser source (TSL-510) and Newport power meter (model
2936-C) shown in Figure 40a allowed for the measurements in this section. Piezo-
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electrically controlled fiber mount stages controlled by a ThorLabs system
(MDT693A) allowed sensitive input and output coupling to the chip shown in Figure
40c.

Figure 40. Equipment used at Vanderbilt University to characterize microring CROW devices.

A triangular geometry enables the race-track-like control over coupling length
while liberating design from linear CROW chains. The rounded corners represent a
curve of radius 6μm which are tangentially connected by 4μm straight lengths
making the total circumference of the unit ring 49.7μm. Using electron-beam
lithography, the same set of devices was created with different doses resulting in
waveguide widths from 350nm to 400nm and ring-to-ring spacing from 150nm to
220nm. The devices were made in standard 220nm thick silicon-on-insulator (SOI)
chips. Finally, only transverse magnetic (TM) modes are considered.
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Figure 41. SEM image of (a) unit micro-ring resonator, (b) coupled-resonator
optical waveguide (CROW), and (c) coupled-resonator optical waveguide loop
(CROWL). The unit-ring for all devices is 49.7μm in circumference.

With a designed and confirmed unit-ring circumference of 49.7µm, the expected
FSR of these devices, at TM polarization, is approximately 30nm. The resulting
characterization, however, indicated a spectral response of a cavity of three times
the circumference.

Due to an emphasis on tuning the ring-to-ring coupling

properties, little design time was spent in the ring-to-bus coupler. Reflection at this
coupler is assumed to cause a mode that represents three counter propagation
passes of the resonator resulting in spacing of 10nm that matches well with
measurement.

As shown in Figure 42, these resonances are spaced at
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approximately 10nm and are consistent between resonators of different width but
same circumference.

Figure 42. (color) Spectral response of a single micro-ring resonator with
different e-beam exposure doses resulting in different waveguide widths.

This unexpected single-resonator FSR result is, fortunately, not disruptive of the
primary objective in this study. Each of these resonances is shown to split when
coupled in a chain or loop, though in much closer proximity than anticipated.
Extracting useful splitting information is challenging, but because two different
ring-to-ring coupling distances were designed, each set of devices could be compared
to identify a change in splitting.
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Figure 43. (color) Measured spectral response of (a) CROW central splitting
with smaller S and (b) CROWL off center splitting with larger S.

It is assumed that the coupling coefficients between each resonator in a given
device are constant.

Therefore, by measuring the mode splitting (in units of

wavelength) for each device, shown in Figure 43, CMT is used to create a matching
split. Due to closer than expected cluster separations, resonant mode overlap was
observed as well as cancelation. Therefore, as can be seen in both examples of
Figure 43, the devices with W=400nm show extraneous peaks that obscure the
analysis. It is observed that the clusters that correspond to the stronger single
cavity resonances do dominate but that within these windows, modes from weak
neighboring clusters are able to show themselves. Additionally, it is seen that for
the chain devices, only central modes are visible while with loops, only half of the
cluster is visible.

This behavior is attributed to loss in the case of chains and

neighboring cluster interference in the case of loops.
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The coupling coefficients

extracted via the CMT code do, however match expected theory as described in the
following section.

Results: Coupling vs. ring-to-ring separation
The spectra collected from the above fabrication study is highly obscured due to
higher than expected ring-to-bus coupler reflection.

The derivative data does,

however, show self-consistency as shown in Figure 44. Based off of this data, design
of couplers with coefficients between approximately 0.002 and 0.001 are possible by
using ring-to-ring separation ranging from 150nm to 225nm depending on which
waveguide width is desired.

Figure 44.

Data collected from fabricated devices from Vanderbilt

University.
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Challenge: Resonance uniformity in CROW combs
A host of applications for coupled-resonator optical waveguides have emerged
over the past decade. In order to manipulate the more detailed properties of these
versatile structures, fine control of the coupling constants between the constituent
resonators must be understood. Therefore, the objective of this section is to pair
design and physical characterization toward an apodized CROW featuring uniform
resonance splitting.
Light propagates slowly though these systems, as much as 100 times slower
than in bulk materials, and enables scientists to manipulate the way light interacts
with matter in an integrated setting. These unique capabilities all stem from the
novel dispersion properties of CROWs, as discussed previously. In the case of this
work, however, nonlinear dispersion is not desired. First and foremost, if a CROW
is to be used as a frequency comb laser source, its resonances must be made
uniform. Therefore, concluding the work discussed in this dissertation, achieving
resonant uniformity will be addressed.

Study: Apodization toward FSR uniformity
The primary issue that exists for using CROW systems in a frequency comb
filter application is that the split-resonances are not a uniformly spaced set.
Solving Maxwell’s equations for a periodic chain of resonators using the tightbinding approximation results in the sinusoidal dispersion shown again for
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convenience in equation (19) using a as the cavity-to-cavity lattice spacing. The
group velocity is left with a k dependence as well, equation (20).
[

(
(

)]

)

( 19 )
( 20 )

As a result of this sinusoidal dispersion, the split-off mode cluster exhibits
internal spacing that drops off at the edges, where dispersion is highest and light
slows down the most. This mode walk-off severely limits the spectral extend in
which a mode-locked comb could be sustained and so addressing this issue is of
paramount importance. To correct for uniformity variance, we observe that the
sinusoidal component of the dispersion relation is scaled by the ring-to-ring
coupling constant κ. By varying κ in successive resonators as a function of n, the
resonator number, it is possible to manipulate the dispersion and therefore the
splitting behavior of CROW mode-clusters. In the literature, this technique has
been used to target the creation of high-order drop filters with the aim to eliminate
fine structure and flatten the 4κ wide band [6, 35, 63]. In this section, however the
author hopes to increase the peak visibility and make their FSR uniform.
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Figure 45: (color) Coupling constant apodization goal. Black curve represents
standard CROW dispersion and corrected CROW dispersion is shown in red.

Choosing a coupling function presents some difficulty as the function in k-space
that linearlizes the dispersion, shown in equation (21), is cumbersome.

(

( 21 )

)

Apodizing the coupling constant in reciprocal space with a parabolic profile
approximates equation (21) within the region of interest. Equation (22) shows the
applied coupling function in k-space. Tuning the apodization factor (α) can be seen
to linearlize the dispersion relation as anticipated in Figure 46.

This factor is

optimized for the degree of linearity.
( )

(
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Figure 46. (color) CMT generated effect of enforcing a parabolic coupling
function of κ(ka) with varying apodization amplitude.

Realizing a physical system that corrects for the dispersive nature of CROWs, a
quadratic coupling function approach is taken in n-space as well. It is found that an

n4 dependency is, however, optimal with regard to this functional family. This
coupling function is of a similar form to the device proposed by Liu et al for flat-top
drop filters [6]. The primary distinguishing characteristic in this case is that flatband filter operation requires the bus-ring coupling strength to be strong, which
serves to reduce split-off mode distinction. Conversely, visible split-off modes with
high uniformity require weak coupling to the bus waveguide.

In a way, the

requirement of weak external coupling presents a drawback of the proposed scheme,
but since it will be designed as an active source in application, the isolation is of
little worry. The function used by the author in this work is shown in equation (23).

( )

[

(

⁄ ) ]
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( 23 )

In this coupling function, α is the apodization scaling factor. When set to be
small, the coupling coefficients across n are constant.
Using the coupled mode theory method described by Liu et al, 28 resonators with
long external coupling lifetime and coupling constants determined by equation (22)
are simulated in Figure 47.

Loss is ignored in this example.

Designing for a

bandwidth of 10nm, transmission spectra is simulated to show the effectiveness of
the uniformity correction scheme described above.

Figure 47. CMT simulation of a CROW with N=28 resonators weakly coupled
to bus waveguides. Both standard coupling (a) and κ-corrected coupling (b)
spectra are shown.
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Figure 48. (color) Coupling schemes and their resultant FSR distribution.
Coupling constant, κ, is constant in black and made to vary with n4 in red.

The coupling functions and the FSR profiles they produce are all shown in
Figure 48. For clarity, the coupling constant is defined as one quarter bandwidth
normalized by the unit-resonance, defined in equation (23).
⁄

⁄

( 24 )

To reiterate, the results of this section may be applied to any resonator system –
photonic crystal defect cavities, micro-ring resonator, toroids, etc. The following
section will focus on rings and study coupling control by means of the ring-to-ring
separation and waveguide width. The work will all be applied to the micro-ring
resonator shown in the previous section in Figure 41a.

80

Study: Coupling control and sensitivity
In order to engineer the dispersion as described above, sensitive control over the
coupling constants between adjacent resonators is crucial. Therefore, a 2D effective
index study was performed in an FDTD scheme featuring a two-cavity chain
system. The frequency spacing of the split-resonance was measured and matched
using coupled mode theory (CMT) of a two-cavity CROW chain to approximate the
coupling constant of the given system. The physical variables used to vary the
coupling constant were resonator separation and resonator width. It was expected
and observed that as the rings are increasingly separated, their coupling strength
drops exponentially.

0.005

W = 400nm
W = 375nm
W = 350nm

0.004



0.003
0.002
0.001
0.000
50 75 100 125 150 175 200 225 250 275
Ring Separation (nm)

Figure 49: (color) 2D effective index (nTE=2.45) coupling constant scan.
Resonator separation and resonator waveguide width are varied to show
coupling strength between two identical resonators. The coupling coefficient
is determined by the degree of resonant splitting.
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Secondly, as the waveguides that make up the resonators are made thinner, the
field confinement decreases resulting in increased coupling strength between
resonators with sensitivity strikingly similar to that of spacing control.

As an

example, a unit-resonator with a waveguide width of 400nm and resonator spacing
of 75nm is considered. If the coupling strength needs to be reduced by 225, the
designer may either increase the resonator separation or thicken the waveguide
width by 50nm.
In the wavelength band of interest, around 1550nm, a resonator waveguide
width of 400nm proves the most stable, and offers a resonator separation tuning
range throughout the range studied, from 40nm to 200nm. This same resonator
supplies a coupling constant tuning range from 0.0015 to 0.0046. Unfortunately,
though, due to the realities of fabrication, it is most useful to tie these trends to the
dose characterization in the previous section empirically.

Results: Design guide for coupling based dispersion engineering
The finite difference time domain (FDTD) simulation method above is a powerful
tool and was used to confirm suspicion of an exponential relationship between κ, S,
and W. It is, however, still simulation and yields results whose details fall victim to
over simplification – especially in coupled resonators which are so sensitive to
physical properties.
Therefore, taking the general trend behavior gleaned from FDTD simulation,
simple CROW chains and loops were made, as shown in Figure 41, to pin down a
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dependence of κ on S and W. CROW chain and loop resonant splitting is directly
connected to the ring-to-ring coupling coefficient and so with three different
waveguide widths and six ring-to-ring separations, the resultant design guide is
provided in Figure 50.

Figure 50. (color) Fabrication guide combining FDTD trend information and
physical device characterization.

Dotted lines represent design range

outlined in Figure 48. Example device data of center split of six-resonator
CROWL is shown through inset.

The coupling function used in the CMT analysis above dictates that the
resonators have coupling constants that vary from 0.0007 to 0.0016. Using Figure
50, the corresponding design would feature separations that range from 201.7nm to
241.9nm for a waveguide width of 356.8nm. This represents a narrow window for
fabrication, just over 40nm, but is feasible with careful dose planning.
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This study has provided a fabrication guide for the design of CROW structures
where non-constant coupling coefficients is necessary. As an example, a CROW
with uniformly spaced split-off resonances is designed and connected to the physical
devices parameters necessary for its fabrication.
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CHAPTER 5
CONTRIBUTION SUMMARY
The body of work described in this dissertation represents contributions to the
study of wavelength scale resonant structures as applied to quantum and classical
information science devices. In Chapter 3, the objective to design a polarization
insensitive photonic crystal network backbone was deemed unrealistic, but yielded
tangible insight to the design of PCS devices. In Chapter 4, a coupled-resonator
system was explored as applied to frequency comb generation and progress was
made to validate the potential for this technique.
To conclude this document, a summary of the contributions that resulted from
each study will be briefly summarized.

2D photonic crystal design toward polarization insensitivity
In the classical communication sense, polarization insensitive 2D waveguides
are desired to mitigate loss and multi-mode signal confusion.

In the quantum

communications sense, certain protocols rely on preservation of polarization state.
The work described herein sought to use the unique propagation properties of light
in photonic crystals to address this need. Slab properties, including thickness and
lateral index contrast led to two conclusions that, based in the triangular hole form,
are true in general. First, band gaps in the lowest two bands will only offer very
narrow regions of polarization overlap which are ill-suited for cavity defect
engineering. Secondly, although higher order PBG resonances are deceptively wide
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due to the masked crystal mode behavior above the light-line, they represent the
best chance that remains for the realization of polarization insensitive PCS device
operation in a regime not overly sensitive to loss.

Integrated photon transfer
A research thrust of moving the quantum information network envisioned by
collaborators closer to physical embodiment lead the work in photonic crystals
toward coupled-resonator optical waveguides. CROWs lend themselves seamlessly
to both quantum and classical models of photon propagation which was reflected in
the consistent results between models. A simple 1D chain of cavities was shown
both quantum mechanically and classically to mediate the controlled routing of a
photon from one high-Q state to a second high-Q state elsewhere in the chain.
Showing strong agreement between the two models proved that the quantum
mechanical model employed is indeed applicable to physical systems contributing a
significant step toward the move from theory to practice of integrated quantum
information science.

Looped CROW symmetry considerations
The work in photon transfer in CROWs coupled with a major push in the field to
realize classical, on-chip information routing and processing devices turned the
author’s research endeavor toward goals more readily seen brought to reality in the
near term. In collaboration with Dr Peter Delfyett’s team, CROWs were studied
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with an application to future integrated frequency-comb generation in mind. The
first contribution out of this research thrust was the discovery that closed loop
CROWs could offer greatly increased resonator finesse and the resulting study of
how to effectively couple into and out of such a system.
It was found that symmetry conditions are of crucial importance and that both
the symmetries of the unit-resonator’s mode and of the CROW loop’s geometry are
necessary.

Focusing on a photonic crystal cavity platform, three coupling

architectures were studied each offering different symmetry conditions. A strong
preference was found for a single-cavity, side-coupled system which was able to
maintain the CROWL’s fundamental mode-splitting structure and offer a
straightforward means for control over coupling strength.

CROW apodization toward uniformity
Frequency-comb laser sources are able to sustain mode-locked oscillation due in
large part to the uniform resonant behavior of the passive cavity it is made from.
Working toward a comparable level of uniformity was therefore of paramount
importance for applying CROWs which feature decidedly non-uniform FSR to this
application. Through dispersion engineering by means of apodizing the ring-to-ring
coupling function, strong uniformity was shown to be possible by using an n4
dependence of κ to cavity number.
In an effort to, again, bring theoretical design as close as possible to physical
embodiments, the coupling coefficients of mico-ring resonators were studied with
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regard to the waveguide width and ring-to-ring spacing. Dependence was found in
the physical system’s data that showed strong agreement with that predicted by
FDTD simulation providing a design guide produced by theory and pined to reality.

Viability of CROW frequency combs
The ultimate goal of Chapter 2 of this dissertation was not to invent the world’s
next generation integrated frequency-comb laser source, but to scientifically
validate the use of coupled-resonators for future investigation.

The primary

questions that existed in the beginning were:


Can the resonant clusters internal FSR be made uniform?



Can the resonances exhibit more consistent amplitude in a lossy
embodiment?



How can the CROW resonator be coupled to an external system?

Each of these questions was addressed in the study as follows:


By carefully designing the coupling constants to correct for
sinusoidal dispersion, high levels of uniformity are possible.



The presence of loss imparts an amplitude envelope over the
resonance cluster but gain can be used to correct for this as the two
mechanisms are directly related in theory and in reality.



Whether in photonic crystals or micro-rings, the details of external
coupling were found to be of great importance with regard to
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symmetries and coupling strength.

Preliminary designs were

presented to effectively couple in and out.
Given the positive result of each study, further investigation into the use of
CROW and CROWL systems as applied to the generation of frequency-comb sources
is therefore warranted. It is hoped that the work provided herein represents an
adequate platform for the continued study of these devices with regard to
applications intended and unintended.
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APPENDIX: FULL FABRICATION DATA
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Figure 51. Full characterization of ChipA with a W=400nm from Chapter 4.

Figure 52. Full characterization of ChipA with a W=377.6nm from Chapter 4.
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Figure 53. Full characterization of ChipA with a W=356.8nm from Chapter 4.
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